To determine the feasibility of using functional magnetic resonance imaging (fMRI) to detect asymmetries in the lateralization of memory activation in patients with temporal lobe epilepsy (TLE). Background: Assessment of mesial temporal lobe function is a critical aspect of the preoperative evaluation for epilepsy surgery, both for predicting postoperative memory deficits and for seizure lateralization. fMRI offers several potential advantages over the current gold standard, intracarotid amobarbital testing (IAT). fMRI has already been successfully applied to language lateralization in TLE. Methods: fMRI was carried out in eight normal subjects and 10 consecutively recruited patients with TLE undergoing preoperative evaluation for epilepsy surgery. A complex visual scene encoding task known to activate mesial temporal structures was used during fMRI. Asymmetry ratios for mesial temporal activation were calculated, using regions of interest defined in normals. Patient findings were compared with the results of IAT performed as part of routine clinical evaluation. Results: Task activation was nearly symmetric in normal subjects, whereas in patients with TLE, significant asymmetries were observed. In all nine patients in whom the IAT result was interpretable, memory asymmetry by fMRI concurred with the findings of IAT including two patients with paradoxical IAT memory lateralization ipsilateral to seizure focus. Conclusions: fMRI can be used to detect asymmetries in memory activation in patients with TLE. Because fMRI studies are noninvasive and provide excellent spatial resolution for functional activation, these preliminary results suggest a promising role for fMRI in improving the preoperative evaluation for epilepsy surgery. NEUROLOGY 1998;50:926-932 Anteromesial temporal lobectomy improves seizure control in 80% to 90% patients with medically intrac- The IAT was originally developed to assess atypical language lateralization in patients with refractory epilepsy under consideration for resective surgery.l0 In this test, one hemisphere is transiently anesthetized using a short-acting pharmacologic agent, which is administered by selective carotid catheterization, allowing the opposite hemisphere's function to be tested. IAT has since been extended to the evaluation of asymmetries in memory function in an effort to predict the occurrence of amnestic syndromes following mesial temporal resections" and is thought to provide information about the functional integrity of each hippocampus.12 In addition, the IAT contributes to the lateralization of seizure fociI3 and has predictive value for the outcome of epilepsy surg e r~.~ A potential problem with the use of IAT for assessing lateralization of memory is that mesial temporal structures subserving memory are primarily supplied by the posterior circulation. Thus, deficits in memory performance demonstrated by IAT may be more indicative of deficits in afferent perceptual systems feeding into mesial temporal lobe than of deficits of the hippocampus and related structures themselves. Although amobarbital can also be administered selectively to the posterior cerebral arteries resulting in a more direct assessment of memory f u n~t i o n , '~J~ this procedure carries an even greater risk than intracarotid administration.
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The success of resection of mesial temporal structures correlates with the extent of hippocampal resection and the absence of functional activity in this t i~s u e .~.~ The hippocampus and adjacent anatomically related mesial temporal lobe structures are involved in the acquisition, temporary storage, and retrieval of explicit memory for facts and events and are necessary for the formation of episodic m e m~r y .~-~ A thorough assessment of memory function is therefore a crucial element of the presurgical evaluation for temporal lobectomy .
The IAT was originally developed to assess atypical language lateralization in patients with refractory epilepsy under consideration for resective surgery.l0 In this test, one hemisphere is transiently anesthetized using a short-acting pharmacologic agent, which is administered by selective carotid catheterization, allowing the opposite hemisphere's function to be tested. IAT has since been extended to the evaluation of asymmetries in memory function in an effort to predict the occurrence of amnestic syndromes following mesial temporal resections" and is thought to provide information about the functional integrity of each hippocampus.12 In addition, the IAT contributes to the lateralization of seizure fociI3 and has predictive value for the outcome of epilepsy surg e r~.~ A potential problem with the use of IAT for assessing lateralization of memory is that mesial temporal structures subserving memory are primarily supplied by the posterior circulation. Thus, deficits in memory performance demonstrated by IAT may be more indicative of deficits in afferent perceptual systems feeding into mesial temporal lobe than of deficits of the hippocampus and related structures themselves. Although amobarbital can also be administered selectively to the posterior cerebral arteries resulting in a more direct assessment of memory f u n~t i o n , '~J~ this procedure carries an even greater risk than intracarotid administration.
Several neuroimaging studies using 150 positron emission tomography (PET) studies have demonstrated functional activation of the temporal lobe memory circuit in normal subjects during cognitive tasks involving memory f u n~t i o n .~J~-'~ Recently, fMRI has gained acceptance as a method for imaging 
IAT.22-25
The usefulness of fMRI in the preoperative assessment of memory function in TLE has not yet been reported. fMRI studies of memory would allow direct assessment of mesial temporal activation and could potentially demonstrate lateralized effects which could be used to predict postoperative amnestic syndromes or to contribute to seizure localization and prognosis. Stern et a1.26 recently reported bilateral mesial temporal activation in normal subjects with fMRI during a novel picture-encoding task. In that study, activation was primarily localized in parahippocampus, extending t o lingual and fusiform gyri. We had previously observed a similar pattern of activation in the posterior hippocampal formation during a visual maze learning task.27 Deficits in complex visual scene encoding have been observed following both right and left temporal l o b e c t~r n y ,~~~~~ suggesting the use of such tasks for preoperative memory assessment in patients with TLE. In the present study, we report the application of fMRI using the complex visual scene encoding task to both control subjects and patients undergoing evaluation for epilepsy surgery. The purpose of this study was both to replicate the findings of Stern et al. and to determine whether asymmetries in mesial temporal activation are observed in patients with TLE.
Methods. Subjects. Eight healthy subjects (two men, six women; mean age, 27; range, 18 to 40; seven right handed, one left handed) and 10 consecutively recruited patients with TLE undergoing preoperative evaluation for epilepsy surgery were studied. All subjects gave informed written consent for the MRI study. Patient demographics along with the findings of ancillary testing including IAT are listed in table 1. In one patient, the IAT was uninterpretable because of significant cross-filling of amobarbital and resultant obtundation, precluding language or memory testing. fMRI studies were carried out and analyzed without prior knowledge of seizure laterality or IAT results.
The IAT was performed according to a standard p r o t o~o l .~.~~ Language laterality was determined on the basis of an assessment of auditory comprehension, word and sentence repetition, object naming, and single word reading and was designated as left hemisphere language dominant (LHLD) if patients demonstrated impairment in one or more of these tasks when the left hemisphere was injected and no impairment when the right hemisphere was injected. All other patients were grouped together and designated as non-left hemisphere language dominant (NLHLD). Memory was tested using nine stimuli presented in an identical sequence for all patients: three common objects for naming, three low imagery words for oral reading, and three abstract line drawings for visual inspection. Recognition memory testing was carried out after the neurologic examination and electroencephalography (EEG) had returned to baseline. A recognition memory score that simultaneously considers correct responses and incorrect responses to distractors was computed for each hemisphere. For the purpose of this study, memory laterality was graded according to the April 1998 NEUROLOGY 50 927
Zntracarotid amobarbital testing.
hemisphere achieving the highest score when the contralateral hemisphere was anesthetized. A global memory score representing combined performance on all memory modalities was used for comparison with fMRI results using complex visual scenes.
Imaging studies were carried out on a 1.5 tesla GE Signa MRI scanner equipped with a prototype fast gradient system for echo-planar imaging, using a standard quadrature radiofrequency (RF) head coil. Sagittal and axial T1-weighted images were obtained in every subject. For fMRI, gradient echo, echoplanar images with BOLD contrast (TR = 2 seconds, TEeff = 50 msec) were obtained using 16 to 18 5-mm slices in a 24-cm field of view with an acquisition matrix of 64x64 resulting in a nominal pixel resolution of 3.75x3.75x5 mm. Foam padding was used to comfortably restrict head motion. Functional activation was measured over the course of two 160-scan imaging runs each consisting of four 80-second controlltask cycles.31 Prior to functional activation, image data were acquired for correction of image distortion due to static susceptibility effects.32 Raw image data were saved onto digital audiotape (DAT) tape for subsequent analysis.
Activation of brain regions subserving complex visual scene encoding were compared with a control condition using alternating 40-second epochs. In the scene-encoding condition, subjects were presented with a new scene every 2.5 seconds. Each scene was shown for 2 seconds, followed by 0.5 seconds of a black, blank screen. A total of 128 novel scenes were presented over the course of two imaging runs. Pictures from a commercial library of digitized images (Photodisc, Seattle, WA) were used. Scenes containing diverse elements were selected in an effort to preclude simple verbal encoding, though verbal strategies undoubtedly contribute to overall task performance. In the control condition, subjects viewed a single image containing the same luminosity and color content of one of the photographs but degraded using a randomretiling algorithm applied in 10,000 iterations. Examples of these stimuli are shown in figure 1. Presentation of the same control image was repeated every 2.5 seconds, matching the presentation rate of the task condition. Prior to the scan, subjects were instructed to attempt memorization of the photographs but not of the control image and were informed that their performance would be later tested. The stimuli were presented using Psyscope (Carnegie Mellon University, Pittsburgh, PA) running on a Powerbook 5300 portable computer (Apple Computer, Cupertino, CA) and back projected onto a screen, approximately 7 ft. from the subjects' head, using a 256-color liquid crystal display (In Focus Systems, Portland, OR) and an overhead projector. Subjects viewed the screen through a mirror permanently attached to the head coil.
Following the scans, subjects were tested to establish the efficiency of the encoding of the visual information. Subjects were presented with a sequence of 32 pictures consisting of eight targets and 24 distractors and were asked to decide whether they had previously seen each photograph; subject output consisted of one of two button presses, indicating whether or not the image had been presented during the scans. 
Data analysis.
(
was applied to each data set. The data was then convolved in space with a threedimensional nonisotropic gaussian kernel (full width half maximum [FWHM] = 11.25 X 11.25 X 15 mm), as well as in time, using an empiric estimate of the hemodynamic response function.33 A linear model for autocorrelated observations was applied voxelwise to each data set, yielding a statistical parametric map (SPM) for each Regressors for frequencies above and below that of task as well as a global signal covariate were included in the model. Inclusion of a global signal regressor has previously been shown to improve sensitivity, although not decreasing specificity of the A multisubject SPM (a = 0.01, mapwise corrected for multiple comparisons) was also calculated for the normal subjects in Talairach space36 using spatial and temporal convolution methods as outlined above, and including low and high frequency regressors and a global signal covariate in similar fashion (effective d f = 590.7). One normal subject was excluded from this analysis as a result of excessive susceptibility effects in the inferior temporal and occipital lobes.
To determine lateralization of mesial temporal activation, a region of interest analysis was used. A mesial temporal region of interest ("search region") was generated from the multisubject SPM obtained in the normal subjects by including mesial temporal activation rostra1 to coronal -50 mm in Talairach space, the approximate location of the boundary between the hippocampal formation and lingual gyrus. The search region was then transformed into subject space for each subject. The volume of activation in this region exceeding a significance threshold of a = 0.01 was determined and segregated into left and right hemispheric components. The t threshold for each subject was Bonferroni-corrected for the size of the mesial temporal search region. An asymmetry coefficient was calculated, corresponding to [left-righty[left+right].
Results. All subjects were able to complete the fMRI study. Figure 2 shows activation during complex visual scene encoding both across normal subjects and in representative single subject studies from both a normal subject and a patient with left TLE. All maps are displayed at an activation threshold of a = 0.01. A multisubject SPM showing pseudosubject activation observed across eight normal subjects is shown in figure 2A . Activation is observed in visual association areas and posterior mesial temporal regions. A small focus of activation is also observed in right frontal cortex. The mesial temporal search region used for the region of interest analysis is shown in yellow, whereas remaining activation is shown in red. An asymmetry coefficient calculated for the search region was 0.12, indicating that in normal subjects this task produced an asymmetry in the volume of mesial temporal activation with a slight right hemispheric predominance.
Representative single subject functional activation maps from both a normal subject and a patient with left TLE are shown in figures 2B and 2C. Task activation is again observed in visual association areas of occipital cortex as well as in posterior mesial temporal regions. Suprathreshold mesial temporal activation in the normal subject is nearly symmetric (see figure 2B, arrows) . In contrast, the patient with left TLE activates only in the right mesial temporal lobe (see figure 2C, arrows) , whereas occipital regions are activated bilaterally.
Of 10 patients studied, all except Patient 1 showed significant suprathreshold activation on maps of whole brain activation at the a = 0.01 level, similar to that shown in figure 2C . Increased sensitivity for functional activation was obtained using the region of interest analysis, which limits the search region to two smaller volumes, thus lowering the threshold t value for significant activation a t a given level by reducing the need to correct for Type I error. Using this approach, significant activation was observed in all subjects.
Results of the region of interest analysis are shown in
Figure 1. Examples of complex visual scenes used for the encoding task (left).
In greater than 2 SD away from normal subject mean values. One patient with leR TLE (Patient 5) showed a right hemispheric predominance of less than 2 SD away from the normal subject mean values. This patient performed very poorly on the recognition task and may not have fully complied with the task instructions (see later in paper). One patient with left TLE had no asymmetry in fMRI activation (Patient 9). In this patient, IAT could not be interpreted because of cross-filling of amobarbital and subsequent obtundation, so the significance of the finding could not be further assessed; this patient also performed poorly on the recognition task. A left hemispheric predominance for complex visual scene encoding was observed in one patient with left TLE (Patient 3). In this patient, IAT also showed a paradoxical leR hemispheric predominance for memory (see table 1 ). Of three patients with right TLE, two showed asymmetry with left hemispheric predominance and one (Patient 10) showed a right hemispheric predominance. In general, magnitude of the asymmetry in mesial temporal lobe activation was lower in right TLE patients than in left TLE patients. Both patients with left hemispheric predominance had similar asymmetries by IAT. The patient with paradoxical right hemispheric predominance also showed a right hemispheric memory predominance by IAT, which was confirmed in a repeat study.
To confirm that the observed hemispheric asymmetries were specific for the temporal lobe, a similar region of interest analysis was also carried out for the extratemporal regions (see red activation in figure 1A) . The asymmetry ratios obtained by this analysis did not correlate with the mesial temporal region (r = 0.26), suggesting that the observed mesial temporal lateralities in TLE patients were indeed specific to this brain region.
Performance on the recognition test administered following the scans is shown in table 2. Performance was assessed using Two-High Threshold Theory to compute a discrimination score, defined as the difference between the hit rate and the false positive rate.37 A discrimination value greater than 0 signifies above-chance performance. All normal subjects performed well above chance (mean greater than 2 SD away from O), both indicating that they
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complied with the task instructions and confirming that visual encoding was taking place during the scans. Eight of 10 patients studied also performed well above chance. Patients 5 and 9 had poor performance on the recognition task, actually performing below chance, suggesting the possibility that they misinterpreted the task instructions. Several patients and normal subjects reported that the stimuli seemed to be presented too rapidly for them, suggesting the possibility that in some cases time was insuficient for completely effective encoding.
Discussion. Our findings replicate those of Stern et a1.26 in normal subjects showing mesial temporal activation during a complex visual scene-encoding task. Our findings further suggest that fMRI can be used to detect asymmetries in functional activation during a memory task in patients with TLE. We observed a good concordance between the asymmetries obtained by fMRI and the results of IAT in all nine patients in whom the IAT was interpretable. This was true even for Patients 3 and 10, whose memory laterality was paradoxically ipsilateral to their seizure foci by IAT. These findings indicate that mesial temporal activation by fMRI is sensitive to task function rather than to more nonspecific tissue dysfunction caused by the seizure focus. However, because only a small series of patients was studied, these results are preliminary. Prospective studies on a larger number of patients with TLE comparing fMRI asymmetries with the results of IAT and postoperative outcome will be needed to validate this approach.
In both the present study and the initial complex visual scene-encoding study,26 mesial temporal activation was located posteriorly in the hippocampal formation. A recent using fMRI demonstrated that encoding of information preferentially activates the parahippocampus, whereas retrieval of information preferentially activates more anterior structures in the hippocampal formation. This may particularly be the case for visually based stimulus material for which the primary and association cortices are located posteriorly. Although in most cases of mesial TLE the seizure foci are thought to arise in anterior hippocampus, our findings demonstrate that activation observed more posteriorly remains correlated with functional deficits in memory. This may reflect influences of hippocampal seizure foci on information flow through posterior hippocampal structures. Evidence also indicates that parahippocampus may also be important in the pathophysiology of TLE in that good postoperative outcome has been specifically associated with resection of the parahippocampal Except for one case (Patient 91, we observed significant activation and successful lateralization even in those subjects who complained that the task was too difficult or in whom performance on the recognition task was poor. However, the significance of taskcorrelated activity was greater in controls and patients with good performance, consistent with the idea that the activation represented memory function rather than merely perception of the stimuli. The use of a self-paced task during scanning would also allow each subject to proceed at his or her own pace, perhaps maximizing both performance and the resulting activation40 and would also allow the experimenter to verify that the subject was alert.
Consistent with other studies of regional brain activation with complex visual scene encoding,l7Vz6 we found bilateral activation within the hippocampal formation, supporting the notion that complex visual scenes are encoded using both visuospatial and verbal strategies. The activation observed in this study was slightly asymmetric even in normal subjects, likely representing some asymmetry in the demands on mesial temporal structures of our task. It is likely that by varying the stimulus materials or task instruction, the distribution of activation in mesial temporal structures could be altered. For example, neuroimaging studies on memory for faces41v42 demonstrate that face encoding preferentially activates regions in the right mesial temporal lobe. Consistent with this, several studies have demonstrated impaired memory for faces following right anterior temporal l o b e~t o m y .~~-~~ Conversely, a recent study on verbal memory46 demonstrated preferential activation of the left mesial temporal lobe. Future studies could ultimately use multiple fMRI tasks to subdivide memory localization and lateralization further in TLE patients, thereby enhancing the sensitivity and specificity of the findings.
The results of fMRI during memory tasks have implications beyond predicting postoperative amnesia. Because TLE originates in the neural substrate for memory, asymmetries in mesial temporal activation detected by fMRI during a memory task could likely contribute to determining the lateralization of the seizure focus. More important, the demonstration of functional abnormalities in the abnormal temporal lobe such as interictal hypometabolism by PET or single photon emission computed tomography s~a n n i n g '~,~~ or abnormalities in IAT435 has a positive predictive value for a good outcome from epilepsy surgery, most likely by further corroborating the localization of the seizure focus. A similar prognostic significance should also apply to functional deficits observed using fMRI.
In combination with the successful lateralization already reported for language dominance using fMRI, 23 .25 the present finding of accurate memory lateralization using fMRI suggests a promising role for this modality in the presurgical evaluation for temporal lobectomy. Several potential advantages of fMRI to localize or lateralize cognitive function over IAT exist. fMRI provides spatially resolved information, potentially including the demonstration of patterns of functional reorganization in cases of early first risk for seizures. This may enhance data interpretation and assist with surgical planning. Because no invasive procedure is required, fMRI studies can be repeated if results are ambiguous or more data are needed. This is important for all patient populations but is particularly important for studies in children in whom invasive diagnostic techniques are particularly undesirable.
